association of soluble plasma proteins with C5b (C6, C7, C8, and C9) into a multimolecular complex, the membrane attack complex. The membrane attack complex inserts into and through the membrane, creating a channel resulting in ion flux and ultimately osmotic lysis (Mor- 
al., 1999). While it seems likely that inappropriate activaand membrane proteins that interact with one another tion of complement will contribute to diseases of the in a tightly regulated manner. The early or "activation" nervous system in addition to other organs, the mechasteps of the complement cascade are analogous to the nisms controlling sensitivity of distinct cellular elements coagulation system in that precursors of multiple proto complement attack are incompletely understood. In teolytic enzymes (e.g., C1 and C3 in Figure 1 ) themselves particular, we were struck by the fact that cortical neuundergo proteolysis in a sequential and ordered pattern; rons in primary culture are remarkably resistant to comenormous amplification results because multiple actiplement attack (Whitney and McNamara, 2000), leading vated enzyme molecules are generated by each individus to query what might regulate this sensitivity. ual enzyme molecule. Complement activation can be One mechanism of cellular injury unique to the nertriggered by diverse mechanisms, including antibody vous system is excitotoxicity whereby excessive activabinding to antigen (classical), by complement proteins tion of ionotropic glutamate receptors can destroy neubinding to microbial cell surfaces (alternative), or by rons (Choi, 1988) . Evidence from in vitro models and the binding of serum lectins to mannose residues of multiple animal models have implicated excitotoxicity microbial proteins (lectin) (Figure 1) . Each of the three as a mechanism of neuronal injury following diverse activation pathways culminates in the enzymatic formainsults, including ischemia, hypoxia, seizures, trauma, tion of C5b, the first component of the membrane attack hypoglycemia, and others (Choi, 1988; Doble, 1999 The complement cascade can be initiated through three major activation pathways: the classical, alternative, or lectin pathways, each of which leads to the membrane attack pathway. The classical activation pathway is initiated by binding of the C1 complex to Fc fragments of antibody-antigen complex to yield the C3 convertase C4b2a, which in turn cleaves C3, leading to formation of the classical pathway C5 convertase C4b2a3b. The classical pathway can be activated by molecules other than antibodies such as A␤ peptide. The lectin pathway is initiated by binding of mannan binding lectin (MBL) to the mannose groups of microbial carbohydrates. The binding of MBL to mannan binding lectin-associated serum protease (MASP) forms an enzyme to cleave C4 and C2, leading to formation of C3 convertase C4bC2a, subsequent steps being identical to the classic pathway. The alternative pathway is activated by binding of low levels of nonenzymatically formed C3b to bacterial surfaces, leading to formation of the alternative pathway C3 convertase C3bBb and subsequently the alternative pathway C5 convertase C3bBb3b. The three activation pathways converge on the enzymatic cleavage of C5 into C5a and C5b, the latter of which serves as the initial component of the membrane attack pathway. The subsequent addition of single molecules of C6 and C7 leads to formation of C5b-7, a minority of which attach to cell membranes. Thereafter, addition of a single C8 and multiple C9 molecules forms C5b-9, the membrane attack complex (MAC), which creates a transmembrane pore leading to the lysis of the target cell. (Morgan, 1995 clearly required complement activation in the experia sublethal concentration of rabbit complement (lyophiments above, the precise mechanism by which complelized Low-Tox Complement; Cedarlane, Ontario, Canment was activated is not clear. We previously demonada). In comparison to vehicle, glutamate itself prostrated that anti-GluR3 sera destroyed mixed cortical duced modest cell death evident in the ‫%001ف‬ increase cultures by a GluR3 antibody-requiring mechanism inof LDH release measured 24 hr later (compare first and volving activation of the classical complement pathway third bars of Figure 2A ). Addition of a low concentration (He et al., 1998) . To determine whether sensitivity to the of Low-Tox Complement (LTC, 1.2 mg/ml) produced no classical pathway could be enhanced by treatment with detectable toxicity following vehicle pretreatment (compare first and second bars of Figure 2A , 1996) . Because the targets of effect of the C6d ϩ C6 required activation of complecomplement attack in these experiments were cortical ment because it was abolished by coincubation with cells isolated from rat, we asked whether excitotoxic sCR1 ( Figure 4A ). Together these data demonstrate that insults sensitized rat cortical cells to rat complement. the cytotoxic effects of complement require activation The cytotoxic effects of normal rat sera (Advanced Reof the membrane attack pathway at some step involving search Technologies, San Diego, CA) were compared C6 or beyond. to human and rabbit sera. Similar results were obtained with sera from all three species. That is, like rabbit and Excitotoxic Insult Sensitizes Cortical Cells human sera, normal rat sera produced no detectable to Membrane Attack but Not Activation Pathway cell death in vehicle-pretreated mixed cortical cultures of the Complement Cascade but produced striking cytotoxicity in glutamate-preWhile the results described above demonstrate the netreated cultures, effects which were blocked by heat cessity of the membrane attack pathway for the cytoinactivation or sCR1 (data not shown).
toxic effects of complement in this paradigm, glutamate pretreatment could have effected sensitization by enComplement Toxicity Requires Activation hancing the activation pathway culminating in C5b deof Membrane Attack Pathway position and/or by enhancing responsiveness to the While brief exposure to glutamate sensitizes cortical cells to complement attack, the mechanism by which membrane attack pathway. To determine whether gluta- with three and four, respectively); although the activation pathway was not enhanced compared to vehicle, glutation of soluble C5b-9 in the culture supernatant. Because C3b deposition is required for formation of C5 mate pretreatment did sensitize the cortical cells to complement-mediated cytotoxicity ( Figure 4C , compare convertase, the final step in activation for the classical, alternative, and lectin pathways in which C5b is formed bars two and four). Stated differently, vehicle pretreatment followed by exposure of cortical cells to complefrom C5 (Figure 1) , C3b deposition provides a quantitative measure of the early activation pathway. Soluble ment resulted in complement activation but no cytoxicity; by contrast, glutamate pretreatment followed by C5b-9 also provides a measure of complement activation. That is, formation of C5 convertase results in the exposure to complement resulted in complement activation to a similar extent as vehicle but also resulted catalytic transformation of soluble C5 into C5b, after which soluble C6, C7, C8, and C9 bind to form a C5b-9 in cytotoxicity. The emergence of cytotoxicity without differences in the early activation pathway imply that complex either in membrane or solution. Thus, C5b-9 complexes in solution (sC5b-9) provide an additional excitotoxic insults sensitize cortical cells selectively to the membrane attack pathway measure of complement activation. Importantly, the C5b-9 in solution is harmless to the cells, whereas C5b-9
To directly test this implication, purified preparations of each of the proteins of the membrane attack pathway complex formed in the membrane can destroy the cells 
Sensitization to Complement
Because calcium influx is necessary for excitotoxicity, periments were performed. In contrast to the high concentrations of C5b-9 used in the experiments described we queried whether a calcium-free medium would abolish the sensitization mediated by pretreatment with gluin the preceding paragraph, cultures were exposed to a low, minimally toxic concentration of C5b-9 following tamate, NMDA, or kainate. 8 mM) , robust sensitization was glutamate pretreatment followed by minimally toxic concentrations of C5b-9 produced a marked increase in the evident in that treatment with complement compared bation with AMPA/KA and NMDA receptor antagonists; M glutamate for 10 min, cultures were sequentially moreover, activation of either NMDA or AMPA/KA recepexposed to human C5b6 (10 g/ml) followed by C7 (10 tors alone is sufficient to produce sensitization as evig/ml). After 5 min incubation at 37ЊC, the cultures were dent in the effects of the selective agonists of these washed, and C8 and C9 (each at 10 g/ml) were added respective receptors. When tested alone, the concentrafor an additional 15 min at 37ЊC; following wash in cold tions of glutamate required to effect sensitization probuffer, an additional incubation with a MAC-specific anduced minimal cytotoxic effects; a striking synergy was tibody (Calbiochem) was performed at 4ЊC for 20 min evident when the cultures were sequentially exposed to followed by washing, fixation, and addition of secondary an otherwise sublethal concentration of complement. antibody. Pretreatment with glutamate produced extenThe effects of sensitization were not merely quantitasive MAC immunoreactivity on neuronal processes in tive in the sense of simply increasing the potency of comparison to vehicle-treated controls ( Figure 8) creased content of membrane attack complexes on neuronal membranes following an excitotoxic insult. Complement can exert cytotoxic effects by diverse mechanisms, raising the question as to which step in Whether this reflects enhanced deposition and/or reduced elimination of membrane attack complexes from the complement cascade effected cytotoxicity following sensitization. The emergence of robust cytotoxicity only the neuronal membrane is uncertain. Regardless, the increased membrane attack complex content in the neuwhen C6 was added to the C6-deficient sera following glutamate exposure demonstrated that the membrane ronal membranes would be expected to collapse electrochemical gradients and destroy ionic homeostasis, attack pathway was necessary for cytotoxicity following sensitization. Indeed formation of the membrane attack resulting in osmotic lysis of the neuron (Mayer, 1972). Precisely how reactive oxygen species result in incomplex in particular effects cytotoxicity because cytotoxicity occurred only when all five purified proteins of creased membrane attack complex content in the neuronal membrane is under investigation. the membrane attack pathway were added following glutamate pretreatment. tion of the classical complement cascade by A␤ peptide in vitro (Jiang et al., 1994) suggests that excessive depoLikewise, we previously demonstrated that treatment with paraquat resulted in aconitase inactivation and cell sition of this peptide extracellularly serves to activate complement, a necessary step to set the stage for the death, each of which was prevented by pretreatment with MnTBAP (Patel et al., 1996) . These findings were deleterious effects of an excitotoxic insult sensitizing neurons to the membrane attack pathway of complereinforced by work from multiple laboratories using a diversity of methods, the consensus being that excitoment. Immunohistochemical evidence of IgG and membrane attack complex on cortical neurons has also been toxic insults induce formation of reactive oxygen spe-
